Background: DNA polymerase is a specialized, error-prone DNA polymerase capable of synthesis past bulky DNA adducts. Results: Sphingosine and sphinganine stimulate the activity of Pol . Conclusion: Sphingosine modulates DNA lesion bypass in addition to controlling cell proliferation following DNA damage. Significance: There are no known stimulators of DNA polymerases. Stimulation by sphingosine represents a novel mode of modulating Pol activity.
Translesion (TLS) DNA polymerases are specialized, errorprone enzymes that synthesize DNA across bulky, replication-stalling DNA adducts. In so doing, they facilitate the progression of DNA synthesis and promote cell proliferation. To potentiate the effect of cancer chemotherapeutic regimens, we sought to identify inhibitors of TLS DNA polymerases. We screened five libraries of ϳ3000 small molecules, including one comprising ϳ600 nucleoside analogs, for their effect on primer extension activity of DNA polymerase (Pol ). We serendipitously identified sphingosine, a lipidsignaling molecule that robustly stimulates the activity of Pol by ϳ100-fold at low micromolar concentrations but inhibits it at higher concentrations. This effect is specific to the Y-family DNA polymerases, Pols , , and . The addition of a single phosphate group on sphingosine completely abrogates this effect. Likewise, the inclusion of other sphingolipids, including ceramide and sphingomyelin to extension reactions does not elicit this response. Sphingosine increases the rate of correct and incorrect nucleotide incorporation while having no effect on polymerase processivity. Endogenous Pol activity is modulated similarly as the recombinant enzyme. Importantly, sphingosine-treated cells exhibit increased lesion bypass activity, and sphingosine tethered to membrane lipids mimics the effects of free sphingosine. Our studies have uncovered sphingosine as a modulator of TLS DNA polymerase activity; this property of sphingosine may be associated with its known role as a signaling molecule in regulating cell proliferation in response to cellular stress.
TLS
4 DNA polymerases are an evolutionarily conserved family of specialized, error-prone DNA polymerases. They are distinguished from other DNA polymerases by the presence of capacious active site binding pockets that can accommodate and enable DNA synthesis past bulky DNA adducts (1) (2) (3) . In so doing, TLS DNA polymerases help prevent the stalling and collapse of replication forks and ensuing DNA breaks/rearrangements. The largest class of such DNA polymerases is the Y-family, which includes, in human cells, Pols , , and , and Rev1. DNA Pol has garnered the most attention as mutations in POLH are causally linked to the variant form of Xeroderma pigmentosum (4) , an inherited disease associated with sunlight sensitivity and increased incidence of skin cancers (5) . Pol has been shown in vitro to efficiently and accurately bypass the UV-induced lesion, cyclobutane pyrimidine dimer (CPD) (6) . It is believed that in the absence of Pol , error-prone translesion synthesis across CPD lesions by other specialized DNA polymerases, including Pol , results in increased mutagenesis and carcinogenesis. Pol has also been shown to bypass cisplatininduced cross-linked adducts (7) and oxidative lesions (8) . In addition, by virtue of its error-prone nature, Pol has been implicated in immunoglobulin gene somatic hypermutation (9) .
Although no specific disorders are associated with the other Y-family TLS DNA polymerases, each of them has unique attributes. Pol , an ortholog of Pol , is the only polymerase that is * This work was supported, in whole or in part, by National Institutes of Health reported to use Hoogsteen base pairing to efficiently mispair dG residues across template dT (10) . Pol specializes in the bypass of benzo[a]pyrene diol-epoxide-DNA adducts; it copies past these lesions in vitro, and cells depleted for Pol are sensitive to benzo[a]pyrene diol-epoxide (11, 12) . Additionally, it has been reported that mutagenic bypass activity by Pol homologs (DinB) consists predominantly of Ϫ1 frameshifts, which arise from the extra-helical displacement of DNA lesions (13) . REV1, or deoxcytidyl transferase, is restricted to inserting dC residues opposite template lesions, including abasic sites and N2-dG adducts (14) . An additional non-catalytic, scaffolding role for REV1 that facilitates polymerase switch during TLS has also been proposed (15) .
Due to the mutagenic nature of DNA synthesis by TLS DNA polymerases, cells employ an array of regulatory mechanisms to limit TLS activity, including post-translational modifications, relocalization upon DNA damage, and binding to accessory proteins (1, 13) . Some cancer cells take advantage of errorprone TLS to bypass DNA adducts generated by chemotherapeutic drugs (16) . One manner in which they do so is by up-regulating the level of TLS DNA polymerases. For example, Pol levels are reported to be elevated in lung cancer (17) , whereas Pol levels are increased in breast cancer (18) . In addition, cisplatin or oxaliplatin treatment has been shown to induce Pol in non-small-cell lung cancer and gastric adenocarcinoma (19, 20) . Overexpression of translesion DNA polymerases may reduce the effectiveness of chemotherapy regimens and render cancer cells resistant to chemotherapy (21) . Consistent with this, Doles et al. (22) and Xie et al. (23) demonstrated that suppression of REV3, the catalytic subunit of the B-family TLS polymerase Pol , sensitizes drug-resistant lung tumors to chemotherapy.
We screened several collections of small molecule compounds to identify inhibitors of TLS DNA polymerases that could potentiate the effect of cancer chemotherapeutic agents. We identified and report here on the surprising discovery of a modulator, which both stimulates and inhibits TLS DNA polymerases. We identified the compound as the biologically active sphingolipids, sphingosine, and dihydrosphingosine (sphinganine). We show that of all sphingolipids evaluated, sphingosine and sphinganine alone manifest this effect. Although low concentrations markedly stimulate the rate of DNA primer extension as well as the extent of nucleotide misincorporation and misextension by Pol , high concentrations inhibit polymerase activity. These effects of sphingosine are specific to the Y-family TLS polymerases, Pols , , and . Notably, sphingosine increases lesion bypass activity in cells, and sphingosine bound to model liposomes manifests similar effects as the free compound. Our studies have uncovered a novel mode of modulation of Pol and have linked two responses of cells to stress, namely DNA lesion bypass by TLS DNA polymerases and sphingolipid-mediated signaling to control cell proliferation.
EXPERIMENTAL PROCEDURES
Reagents and Enzymes-Five small molecule libraries were analyzed; four were obtained from the National Institutes of Health (NCI-approved Oncology Drug Set, Mechanistic Set, Diversity Set II, and Natural Product Set II), and one consisting of 622 compounds enriched for nucleoside analogs, was from the Open Innovation Center for Drug Discovery, The University of Tokyo, Japan. The compounds were stored as 10 mM stock solutions in dimethyl sulfoxide at Ϫ80°C. D-erythroSphinganine, D-erythro-sphingosine, D-erythro-sphingosine-1-phosphate, and natural brain ceramide and sphingomyelin were purchased from Avanti Polar Lipids Inc (Alabaster, AL). L-erythro-Sphingosine was obtained from Sigma-Aldrich. Gelpurified synthetic oligonucleotides were obtained from Integrated DNA Technologies (Coralville, IA). The sequence of the primer-template (P/T1) used for measuring the effect of small molecules on DNA polymerase activity was 5Ј-CGCGC-CGAATTCCCGCTAGCAAT-3Ј and 5Ј-GCGCGGAAGCT-TGGCTGCAGAAGATTGCAGCGGGAATTCGGCGCG-3Ј. The sequence of the primer-template (P/T2) used for evaluating CPD bypass activity in vitro was 5Ј-CACTGACTG-TATGA-3Ј and 5Ј-CTCGTCAGCATCT-TCATCATACAG-TCAGTG-3Ј, whereas that (P/T3) used for measurements of V max and K m values was 5Ј-CACTGACTGTATGATG-3Ј and 5Ј-CTCGTCAGCATCT-TCATCATACAGTCAGTG-3Ј, where T-T indicates the cyclobutane pyrimidine dimer. The T-T DNA template was generously provided by S. Iwai (Osaka University, Osaka, Japan). A template containing two consecutive T residues in place of the CPD lesion was used in control reactions.
Human DNA polymerase (1-511 amino acids) was purified from insect cells as described (6) . Full-length Pols , , and were purchased from Enzymax (Lexington, KY). Human Pols ␤ and ␦ were expressed and purified as described (24), 5 whereas human Pol ␥ was purified from baculovirus-infected insect cells. 6 Calf thymus Pol ␣-primase complex and human Pol ⑀ were generous gifts from F. Perrino (Wake Forest Park, NC) and S. Linn (Berkeley, CA), respectively.
Sample Fractionation and Mass Spectrometry-Samples containing the modulator were separated on an Agilent 1290 Infinity System. A Thermo Hypersil Gold UPLC column coupled to a C18 guard cartridge was used for fractionation employing a gradient of water and methanol as the mobile phase. Fractions were collected at 1-min intervals for a total duration of 20 min, dried under N 2 , resuspended in dimethyl sulfoxide, and evaluated in polymerase activity assays. Peak fractions were subject to a second round of ultra high-pressure liquid chromatography (UPLC) fractionation; the identity of the compound in the single fraction that tested positive for stimulatory activity was determined by mass spectrometry using a Waters Synapt G1 QTOF instrument.
Primer Extension Assays-5Ј-32 P-labeled DNA primers (P) were hybridized to a 2-fold molar excess of complementary template (T) DNA. 10 nM of the P/T DNA substrate was extended by limiting amounts (ϳ0.2 nM) of DNA polymerase in the absence or presence of the indicated sphingolipid at 37°C for 10 min, unless stated otherwise. Reactions were carried out in buffer containing 40 mM Tris-HCl, pH 7.4, 5 mM MgCl 2 , 10 mM DTT, 60 mM KCl, and 2.5% glycerol. Control reactions for sphinganine or sphingosine (SO) contained 10% dimethyl sulf-oxide, whereas those for ceramide, sphingomyelin, or sphingosine-1-phosphate (S1P) included 10% methanol. Aliquots of the terminated reactions were electrophoresed through 14% polyacrylamide-urea gels; extension products were visualized by PhosphorImager analyses (GE Healthcare) and quantified using ImageJ software (NIH).
Measurements of the kinetic constants for single nucleotide incorporation by Pol were carried out as described (25) . Briefly, we first systematically varied the enzyme concentration and reaction time using saturating concentrations of dNTPs. These experiments established the requisite conditions for subsequent kinetic analysis, i.e. linearity of incorporation with time during a fixed incubation period. Extension was then monitored as a function of dNTP and sphingosine concentrations.
Immunoprecipitation-ϳ 2 ϫ 10 7 human embryonic kidney epithelial cells (293T) were lysed by incubation in 500 l of lysis buffer (200 mM Hepes-KOH, pH 7.4, 155 mM KCl, 1.5 mM MgCl 2 , 2 mM DTT, 0.5% Triton X-100, 0.2 mM PMSF, and 10 g/ml of aprotinin, pepstatin, and leupeptin) on ice for 10 min. The suspension was centrifuged at 2000 ϫ g for 10 min, and the clarified supernatant was used for immunoprecipitating Pol ; ϳ500 g of total protein were incubated with the Pol -specific monoclonal antibody, 5C6 for 1 h at 4°C (26) . A 25% suspension of Protein A/G agarose beads was added to precipitate the complex, and incubation was carried out as described above. The enzyme-antibody complex coupled to beads was washed extensively with buffer containing 20 mM Tris-HCl buffer, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, and 10% glycerol, and resuspended in 15 l of 25 mM Tris-HCl buffer, pH 8.0, 0.5 mM EDTA, 1 mM DTT, 0.05% Nonidet P-40, and 25% glycerol. Aliquots of the resuspended immune complex were diluted and assayed for CPD bypass activity in the absence or presence of 8 M sphingosine.
CPD Bypass Activity in Cells-CPD bypass activity in cells was measured using a modification of our recently established oligonucleotide retrieval assay (27, 28) . A synthetic oligonucleotide containing a site-specific CPD lesion was extended by ligating oligonucleotides, 5Ј-AmMC6ACGGAGGGAATC-GGAGGTCGC-3Ј and 5Ј-CCTTCCACCTCCCATTCCTGA-TTCAGTCACTG-ddC-3Ј, at the 5Ј and 3Ј termini, respectively. Complementary oligomers to form double-stranded ligation sites at the 5Ј and 3Ј termini were 5Ј-TGCTGACGAG-GCGACCTCCG-3Ј and 5Ј-AGGTGGAAGGCACTGACTGT-3Ј, respectively. After ligation, excess free oligomers were degraded by exonuclease. The ligation efficiency (20%) was calculated from the ratio of amplification of the ligated versus unligated template and used to normalize substrate concentrations. The template was then hybridized to a biotinylated primer, 5Ј-biotin-GCACGTCAGGCACGGCGTCCAGTGA-CTGAATCAGGAATGGGAGGTGGAAGGCACTGACTG-TATGATG-3Ј, to form the partial duplex DNA substrate.
This construct was transfected into SV40-immortalized fibroblast cells (GM0639) using calcium phosphate; the final concentration was 0.2 nM. After incubation for 2 h, oligonucleotides were retrieved via magnetic streptavidin bead capture by virtue of the 5Ј-biotin tag on the primer strand. Bypass efficiency was quantified by qPCR using the Brilliant III Ultra-Fast SYBR Green qPCR Master Mix (Agilent) in a DNA Engine Opticon 2 machine (MJ Research). The PCR primer pairs for measuring unextended and extended/bypassed products were a/b (5Ј-GCACGTCAGGCACGGCGTC-3Ј and 5Ј-CATCATACAGTCAGTGCCTTCCACCTCC-3Ј) and a/c (5Ј-GCACGTCAGGCACGGCGTC-3Ј and 5Ј-GGAGGTC-GCCTCGTCAGCATC-3Ј), respectively. % Bypass was calculated as the ratio of (amplification by primers a/c over primers a/b) ϫ 100.
To test for a difference in CPD bypass activity in SO-treated versus control cells, the experiment effect (shift in overall means on different experimental days seen in Fig. 5 ) and unequal variance among the different experiments were taken into account using a log transformation of the outcome with weighted least squares regression (29) , including a variable for experiment in the model. Specifically, % bypass activity values were log-transformed, the variance of the transformed observations was calculated within each experiment, and this variance was used to inversely weight the observations in the least square regression. Variables for both treatment (variable of interest) and experiment (confounder) were included in the weighted least squares regression model. This resulted in normally distributed residuals as required for an unbiased test statistic with this small sample size.
Liposome Preparation-Liposomes were generated by using 2.5 mg of the synthetic phospholipid, 1-oleoyl-2-palmitoyl-snglycero-3-phosphocholine (99% pure; Avanti Polar Lipids) either by itself or mixed with sphingosine or sphingomyelin at 20 mol % with respect to 1-oleoyl-2-palmitoyl-sn-glycero-3-phosphocholine. Lipids, dissolved in chloroform or methanol, were dispensed in glass tubes, and the organic solvents were first evaporated under a stream of argon and further dried under vacuum. Lipid films were hydrated by the addition of 0.25 ml of 1ϫ Pol reaction buffer. The lipid suspension was extruded through a 100-nm polycarbonate filter at room temperature (using the lipid extruder from Avanti Polar Lipids) to yield homogenous unilamellar vesicles. The vesicles were stored at 4°C and used within 3 days of preparation. Fraction SO and SM bound to liposomes (f) was calculated using the formula, f ϭ K ϫ Cl/1 ϩ K ϫ Cl, where K ϭ 1/CMC (critical micelle concentration), and Cl is the lipid concentration; we estimate that Ͼ 96% of SO and SM were bound to liposomes.
RESULTS
Identification of the Modulator-We screened multiple libraries of small molecules for inhibitors of DNA polymerases as potential anti-tumor agents. To facilitate screening, we pooled the compounds into groups of four and evaluated their effects on the polymerase activity of DNA Pol by monitoring the extension of an end-labeled primer. We identified one pool from the library of nucleoside analogs that markedly stimulated the polymerase activity of Pol . Upon deconvolution, the stimulatory compound was identified as 6-chloropurine-tetrahydropyran (2-(6-aminopurin-9-yl)-6-(hydroxymethyl)-2H-3,4,5,6-tetrahydro-pyran-3,4,5-triol). This compound was obtained from two independent commercial sources. Mass spectrometric and NMR analyses revealed that one of the two preparations was homogenous but lacked stimulatory activity. However, the second preparation that stimulated Pol activity had multiple components (Fig. 1A) . To separate the stimulatory factor from other components, we fractionated the second preparation by chromatography through two sequential reverse-phase UPLC columns and assayed individual fractions FIGURE 1. Mass spectrometric analyses of the stimulator. The compound (from the library of nucleoside analogs) containing stimulatory activity was enriched by fractionation through two reverse phase ultra-pressure columns. Individual fractions were assayed for their effect on the polymerase activity of DNA Pol . Shown are the mass spectrometric profiles of the starting compound (A), the single fraction obtained after two rounds of UPLC purification that stimulated Pol activity (B), and the C17-sphinganine standard (C). Note the presence of the peak (arrow) with mass 288.2902, corresponding to that of C17-sphinganine, which increased in abundance following UPLC (B). The scales used for the mass spectrometric profiles in A and B are 1.48 ϫ 10 4 and 2.61 ϫ 10 5 , respectively. Peaks other than that corresponding to mass 288.2902 in B were also present in the mobile phase.
for their effect on Pol activity. A single fraction containing a compound with an m/z of 288.2902 (Fig. 1B) stimulated primer extension by Pol (data not shown). This mass did not correspond to that of the starting compound (expected mass, 238.7). A search of the Scripps-Metlin database for molecules with a mass of 288.2902 Ϯ 5 ppm offered three possibilities, two of which were deuterium compounds; the third was the sphingolipid, C-17 sphinganine (SA; Fig. 1C ). Sphinganine Uniquely Stimulates the Primer Extension Activities of DNA Pols , , and -To evaluate the effect of the identified sphingolipid, homogenous preparations of C-17 sphinganine were added to primer extension reactions. Surprisingly, we observed that it stimulated Pol activity; the increase in nucleotide incorporation was linear with respect to SA concentrations from 1 to 10 M; primer extension was enhanced by ϳ100-fold ( Fig. 2A) . At higher concentrations, however, the activity declined precipitously. The decrease in activity could be related to the critical micelle concentration, reported to be in the low M range (30), which could block the accessibility of the enzyme active site to deoxynucleotide substrates and/or the DNA primer-template. Stimulation was indifferent to the order of addition of Pol and SA and was comparable with both truncated and full-length Pol , indicating that the C-terminal 202 amino acids, which include the proliferating cell nuclear antigen-binding motifs, are dispensable for stimulation by SA (data not shown). Furthermore, stimulation was independent of DNA sequence context, occurring with a multitude of primer-template DNA substrates, including templates containing cyclobutane pyrimidine dimers (data not shown and see Fig. 5A ). Notably, the stimulatory effect was specific to Pol and to Pols and , members of the Y-family DNA polymerases. Although the extent of stimulation of Pol paralleled that of Pol , it was approximately an order of magnitude lower with Pol . In contrast, SA did not stimulate the primer extension activities of an array of other mammalian DNA polymerases, including nuclear and mitochondrial replicative DNA polymerases, Pols ␣, ␤, ␥, ␦, and ⑀ (Fig. 2B) .
Pol Activity Is Stimulated by Sphingosine, but Not by Other
Sphingolipids-Sphinganine (dihydrosphingosine) is identical to SO except for a single saturated bond. Because the common form of SO has an 18-carbon chain length, we examined the effect of C-18 SO on Pol activity in this and all subsequent experiments carried out with SO. Similarly to C-17 SA, C-18 SO also elicited the dual response by Pol (Fig. 2C and data not shown); fold increase and peak stimulatory concentration of SO, both D-and L-stereoisomers, were equivalent to that of SA. In addition, similarly to SA, it inhibited polymerase activity at concentrations exceeding 10 M. SA and SO are involved in the de novo synthesis of ceramide and production of S1P, respectively (31) . In contrast to SO, neither ceramide nor S1P, even at 10 -50-fold higher concentrations than SA and SO, exhibited stimulatory or inhibitory effects on DNA synthesis by Pol (Fig. 2C) . Furthermore, the robust stimulation observed with SO was unaffected when it was present together with S1P at a 1:1 ratio, suggesting that S1P likely does not interact functionally or interfere with interactions between SO and Pol (data not shown). Free SO in the cell is generated from the hydrolysis of sphingomyelin (32) . Consistent with the stimulatory effect of SO, we observed subtle yet reproducible stimulation of Pol activity by sphingomyelin (Fig. 2C) . A short chain (C4) derivative of SO, threoninol, had no effect on the activity of Pol (data not shown), implicating the importance of both the carbon chain length as well as the functional head group of SO in eliciting the response by Pol . As a control, we also included the non-ionic detergent, Triton X-100 in extension reactions. Again, we observed no stimulation or inhibition of Pol activity (data not shown), further corroborating the specificity of SA and SO.
Sphingosine Increases the Rate of Nucleotide Incorporation by Pol and Is Non-competitive with dNTP
Binding-Kinetic studies were carried out to interpret the basis of stimulation. Processivity experiments, which evaluate the number of nucleotides incorporated before the polymerase disengages from the DNA, revealed that Pol is distributive. It incorporates between 4 -5 nt at each nucleotide addition step; this remained unchanged upon the addition of sphingosine, suggesting that stimulation by SO is not the result of increased processivity by Pol (data not shown). We also measured the rate of incorporation of the initiating dNTP as a function of dNTP and sphingosine concentration. Incorporation kinetics were measured in the presence of increasing concentrations of dCTP (0.5-10 M) without or with, 2, 4, or 8 M SO. As presented in Fig. 3 and Table 1 , there was a concentration-dependent increase in the rate of incorporation of the initiating nucleotide with a 3-fold increase in the k cat value with 8 M SO. A similar analysis, which examined the rate of incorporation of dATP across a CPD lesion, also showed an elevated (5-fold) k cat upon the addition of SO (data not shown). However, we did not observe changes in the K m for dCTP in the presence of SO, consistent with SO interactions being non-competitive with respect to dNTP binding. SO could bind within a hydrophobic pocket of Pol to induce conformational changes that render the enzyme more proficient. Attempts to visualize direct SO-Pol interactions by x-ray crystallography, however, have been unsuccessful thus far. 7 Sphingosine Increases Misincorporation of dNTPs-To examine whether SO affects primer extension when one or more dNTPs is absent, reactions were carried out either in the presence of single dNTPs, or with three of the four dNTPs. In single 7 W. Yang, personal communication. nucleotide addition experiments, SO stimulated the incorporation of both the correct nucleotide, dCTP, and the incorrect nucleotides to comparable extents ( Fig. 4A ; 4-to 7-fold increase). Steady-state reactions examining nucleotide misincorporation kinetics also revealed an increase (2-fold) in the median k cat value in the presence of 10 M SO, with no change in the median K m value (data not shown). Similarly, SO stimulated extension reactions in the presence of three dNTPs. Strong pause sites were observed immediately preceding or at the position corresponding to the missing nucleotide; however, in every case, read-through products were readily discernible in the presence of SO, accounting for an ϳ90% increase compared with reactions lacking SO (Fig. 4B) . In preliminary experiments, we again observed a 2-fold increase in the rate of extension of a 3Ј-terminal mismatched nucleotide (data not shown). By enhancing the rate of nucleotide misincorporation and misextension, SO can likely increase the rate of mutagenesis by Pol . Sphingosine Stimulates Primer Extension Activity of Endogenous Pol -To ascertain that native Pol responds to SO similarly as the recombinant protein, we isolated Pol from human cells by using a Pol -specific monoclonal antibody and assayed primer extension activity with the immunoprecipitated enzyme. To ensure that the observed activity is due to Pol , we assayed TLS across a CPD lesion in the absence or presence of SO. We observed efficient thymine dimer bypass activity in the immunoprecipitated sample, which was concentration-dependent (data not shown); this activity of endogenous Pol increased upon the addition of SO (Fig. 5B) , suggesting that Pol can be regulated by SO in vivo. The magnitude of stimulation of native Pol was not as high as that observed with the recombinant protein (Fig. 5A) ; this could be due to the presence of endogenous SO in the immunoprecipitate (data not shown).
Sphingosine Increases Lesion Bypass Activity in Cells-To examine whether SO increases translesion activity in cells, we carried out initial experiments with a partial duplex DNA oligonucleotide construct containing a site-specific CPD lesion. We transfected this substrate into SV40-immortalized fibroblasts (27, 28) and monitored bypass activity in the absence or presence of SO treatment by qPCR, as described under "Experimental Procedures." The apoptotic response triggered by SO precluded the use of high concentrations. Nonetheless, cells treated with low concentrations (2-5 M) of SO exhibited 28% higher bypass activity compared with untreated cells; these differences in SO-treated samples were consistent across three T-T T-T FIGURE 5. SO stimulates bypass activity of Pol . CPD bypass activity of recombinant Pol (A) or endogenous native enzyme immunoprecipitated from human cells in culture (B) was monitored using P/T2 DNA substrate in the absence or presence of 8 M sphingosine as described under "Experimental Procedures." The control template contained two tandem dT residues instead of the lesion; the sequence was identical otherwise. S, substrate (Ϫ) enzyme.
independent experiments (p ϭ 0.046 (95% confidence interval, 2-62% higher) (Fig. 6 ). While low, the fold increase observed in our experiments is as follows: a) statistically significant, b) consistent across three independent experiments, and c) similar in magnitude to the increase in overall DNA synthesis observed by Zhang et al. (33) in SO-treated cells.
Membrane-bound Sphingosine Mimics the Effects of Free
Sphingosine-SO is a natural constituent of cells. It could be tethered to membrane lipids in vivo via its hydrophobic alkyl chain. To determine whether membrane-bound SO modulates Pol activity similarly as unbound SO, we prepared model unilamellar lipid vesicles using the synthetic phospholipid, phosphatidylcholine. Independent preparations contained either SO or SM. The liposome preparations were diluted such that the concentrations of membrane-bound SO and SM were comparable with those of free SO and SM used in experiments thus far, and their effects were evaluated in primer extension reactions containing Pol . Membrane-bound SO, but not PC vesicles or membrane-bound SM, specifically modulated Pol activity (Fig. 7) . Membrane-bound SO both stimulated (Fig. 7A) and inhibited (Fig. 7B ) DNA extension activity, albeit to a lower extent than observed with free SO. Furthermore, the concentrations that elicited this response were equivalent to those of free SO. For example, whereas 10 M bound-SO stimulated extension activity, 30 M and higher concentrations elicited strong inhibition. We estimate that Ͼ96% of SO is membranebound under our conditions, and we have shown that concentrations corresponding to Յ4% free SO have no effect on TLS polymerase activity. Thus, both the specificity and response elicited by SO in solution are recapitulated with membranebound SO.
DISCUSSION
We set out to identify small molecule inhibitors of TLS DNA polymerases. Instead, we serendipitously uncovered two 1, 3, 10, 30 , or 100 M of each liposome preparation in B. Primer extension reactions with P/T1 were carried out as described, and products were visualized by PhosphorImager analysis of denaturing gels. S, substrate (Ϫ) enzyme. related stimulators, the lipid-signaling molecules, sphingosine and dihydrosphingosine. Only about a dozen mechanistically well-characterized enzyme activators have been identified thus far, but none of them target DNA metabolic enzymes, let alone DNA polymerases (34) . To our knowledge, sphingolipids represent the first example of naturally occurring lipid compounds that markedly stimulate DNA polymerase activity and, uniquely, that of the Y-family TLS DNA polymerases, Pols , , and .
Sphingosine, the simplest of all sphingolipids, is recognized for its role in cell signaling to control cell proliferation (31, (35) (36) (37) . Our studies, however, have uncovered a hitherto unknown and unreported function of sphingosine, namely, its ability to stimulate the DNA polymerase activity of Y-family TLS DNA polymerases. We show that SA and SO, but not the phosphorylated form S1P or other sphingolipids, stimulate in vitro the DNA primer extension activity of TLS DNA polymerases in a sequence-independent manner (Figs. 2 and 5A) . Stimulation is specific to Pols , , and ; the polymerase activities of family A, B, and X DNA polymerases are unaffected (Fig.  2, B and C) . The effect of SO is non-competitive with respect to dNTPs resulting in increased rates of dNTP incorporation ( Fig.  3 and Table 1 ). By increasing reaction rates, SO also promotes increased misincorporation and misextension by Pol (Fig. 4,  A and B) . Furthermore, we show that endogenous Pol isolated from cells in culture is stimulated by SO similarly as the recombinant enzyme (Fig. 5, A and B) . Notably, we show that 1) SO increases CPD lesion bypass activity in cells (Fig. 6 ) and that 2) membrane-bound SO has similar effects as free SO i.e. stimulation at low concentrations and inhibition at higher concentrations (Fig. 7, A and B) .
Sphingolipids such as ceramide, SO, and S1P are bioactive signaling molecules that regulate cellular processes including growth, proliferation, senescence, and apoptosis (31, 36, 37) . Of these three compounds, only SO uniquely stimulates the activity of Y-family TLS DNA polymerases. Endogenous free SO is generated from the hydrolysis of sphingomyelin, which is present in plasma and nuclear membranes, and subnuclear membrane fractions tightly associated with chromatin. It is plausible that SO is also anchored to nuclear membrane fractions that are in proximity to sites of DNA transactions involving DNA polymerases. It has been reported that UV irradiation increases ceramide levels and, presumably, sphingosine levels by the action of ceramidase (38) . The resulting SO could regulate Pol activity in a UV and SO dose-dependent manner in vivo.
Sphingosine has been reported to regulate the activity of a number of protein kinases including PKC, PKB/AKT, MAPK, and v/c-Src kinase (39) , all implicated in cell proliferation; in each case, SO inhibits kinase activity to potentially limit cell proliferation. SO was also shown to inhibit the RNA primase activity of the replicative DNA polymerase, Pol ␣ (32) and inhibit transcription of CYP17 by binding to the nuclear receptor, steroidogenic factor-1, essential for steroid hormone biosynthesis (40) . Our studies on SO are unique in that rather than the reported inhibitory effects, we show stimulation of enzyme activity at intracellular concentrations of SO (32) . Interestingly, the expression of Pol is highest in the adrenal cortex-the site of steroid biosynthesis (41) , and Pol has also been implicated in bypassing DNA adducts generated during steroid biosynthesis (42) . Thus, SO serves to both regulate steroid hormone synthesis as well as facilitate bypass of resultant steroid adducts by Pol .
Together with ceramide and S1P, SO is a part of the rheostat that decides whether cells grow and divide or die. Although ceramide controls cell growth inhibition and apoptosis induction, S1P contributes to cell proliferation, metastasis, and resistance to apoptosis (37) . The effect of SO on the other hand differs depending on its levels; low levels are reported to promote cell proliferation, whereas high levels are proapoptotic (35) . We propose that up-regulation of TLS DNA polymerase activity by SO may be necessary to prevent replication fork stalling in response to cellular stress and, therefore, to promote cellular proliferation. It is certainly consistent with our observations where low levels of both free and membrane-bound SO that stimulate TLS Pol activity promote cellular proliferation, whereas high levels, which are proapoptotic, inhibit activity.
In bacteria, blockage of fork progression induces transcription of error-prone DNA polymerases. This process, referred to as "the SOS response," is induced to limit the potential detrimental effects of fork stalling, i.e. DNA breaks and ensuing rearrangements and deletions (43) . Likewise, there are reports of transcriptional up-regulation of TLS DNA polymerases in human cells (41, 44, 45) as well as evidence for post-translational modification and cellular relocalization upon DNA damage (46) . Furthermore, there are reports that TLS DNA polymerase protein levels are elevated in a number of cancers, presumably, to handle the overload of DNA adducts generated by chemotherapeutic drugs (17, 19, 20) . Overexpression of translesion DNA polymerases may reduce the effectiveness of chemotherapy and render cancer cells chemoresistant (21) . Modulation of polymerase activity by sphingolipids following cellular stress may be yet another mechanism by which TLS DNA polymerases is regulated. Our studies provide a novel link between two processes involved in the stress response of cells: error-prone DNA synthesis to avoid replication collapse and signaling by lipid molecules to control cellular proliferation.
